The oral bacterium, Aggregatibacter actinomycetemcomitans, produces a leukotoxin (LtxA) that is specific for white blood cells (WBCs) from humans and Old World primates by interacting with lymphocyte function antigen-1 (LFA-1) on susceptible cells. To determine if LtxA could be used as a therapeutic agent for the treatment of WBC diseases, we tested the in vitro and in vivo antileukemia activity of the toxin. LtxA kills human malignant WBC lines and primary leukemia cells from acute myeloid leukemia patients, but healthy peripheral blood mononuclear cells (PBMCs) are relatively resistant to LtxA-mediated cytotoxicity. Levels of LFA-1 on cell lines correlated with killing by LtxA and the toxin preferentially killed cells expressing the activated form of LFA-1. In a SCID mouse model for human leukemia, LtxA had potent therapeutic value resulting in long-term survival in LtxA-treated mice. Intravenous infusion of LtxA into a rhesus macaque resulted in a drop in WBC counts at early times post-infusion; however, red blood cells, platelets, hemoglobin and blood chemistry values remained unaffected. Thus, LtxA may be an effective and safe novel therapeutic agent for the treatment of hematologic malignancies.
Introduction
Since the 1970s, bacteria and their toxins have been investigated for anticancer activities [1, 2] . Bacterial toxins are not only toxic, but can be engineered to be specific by fusing the toxin to other molecules such as immunoglobulins and interleukins. Interaction between toxins and their host cells represents extensive evolution that has resulted in exquisite activity and specificity that is difficult to replicate in silico. Indeed, pathogenic bacteria have evolved toxins that are highly effective at manipulating host cell machinery. Because of these properties, several bacterial toxins, including Clostridium botulinum neurotoxin, Pseudomonas aeruginosa exotoxin A (PE), and Corynebacterium diphtheriae diphtheria toxin (DT) have been used as therapeutic agents [2] . C. botulinum neurotoxin (BOTOX) is used to treat neurological and muscular disorders [3] while C. diphtheriae DT has been used in the treatment of T-cell lymphoma (ONTAK) [4, 5] and investigated for a variety of other hematologic malignancies [6] [7] [8] .
Aggregatibacter actinomycetemcomitans is an opportunistic Gram negative bacterium that is the etiological agent of localized aggressive periodontitis (LAP) and is also part of the normal oral flora in many healthy individuals [9, 10] . A. actinomycetemcomitans produces a 113 kDa RTX (repeats in toxin) leukotoxin (LtxA) that kills specifically leukocytes of humans and Old World primates [11, 12] through perturbation of host cell membranes. The toxin is part of the family of membrane-active toxins that includes E. coli α-hemolysin (HlyA) and Bordetella pertussis adenylate cyclase (CyaA) [13, 14] . At the N-terminus are amphipathic helices that are believed to interact with the host cell membrane receptor and at the C-terminal half are nonapeptide glycine-rich repeats that are involved in calcium binding [13] . RTX toxins are secreted via an uncleaved C-terminal signal sequence by a type-I secretion mechanism [15] and we have recently characterized the components of this system in A. actinomycetemcomitans [16, 17] . Like HlyA and CyaA [18] , LtxA is posttranslationally modified at internal lysine residues with fatty acid moieties that are required for activity [19] .
LtxA binds lymphocyte function antigen-1 (LFA-1) [20] , a β2 integrin on the surface of white blood cells composed of CD11a and CD18 and involved in immune cell migration and signaling. During infection, cells become activated and LFA-1 changes conformation, allowing it to bind ICAM-1,-2,-3 [21, 22] . Interaction between LFA-1 and the ICAMs results in migration of activated cells to the site of insult [21, 22] . LFA-1 is expressed only on cells of hematopoietic origin, which helps to explain the specificity of the LtxA. Several years ago, we made the novel discovery that A. actinomycetemcomitans secretes LtxA into culture supernatants [23] . We have since developed a strategy for the purification of a large quantity of active, soluble LtxA from both laboratory and clinical isolates of A. actinomycetemcomitans [24, 25] .
At relatively high concentrations of LtxA, cells undergo necrosis while at low concentrations, cell death results from apoptosis. Fong et al. [26] has recently shown that the first step to cellular intoxication by LtxA is an increase in intracellular calcium levels even before interaction with the LFA-1 receptor. The mechanism by which this occurs is unknown. LtxA binding to LFA-1 then causes clustering of LFA-1 into lipid rafts and this interaction may then stimulate an integrin signaling pathway. Insertion of LtxA into the host cell membrane perturbs membrane structure and this event ultimately leads to cell death [13, [27] [28] [29] . LtxA is considered to be a pore-forming toxin; but at low doses, it likely activates certain pathways that subvert host cell defenses, although enzymatic domains of the toxin have not yet been identified. Interestingly, the receptor for LtxA, LFA-1, is over-expressed and activated on several leukemias and lymphomas [30] [31] [32] , indicating that malignant blast cells would be more susceptible to killing by LtxA than normal WBCs. Because of this targeted potential and known specificity of A. actinomycetemcomitans LtxA, we investigated the therapeutic utility of the native toxin for the treatment of hematologic malignancies.
Materials and Methods

Human cells
Human cell lines were obtained from ATCC (Manassas, VA) and maintained in RPMI 1640 medium with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) at 37° C, 5% CO 2 . Cells were grown for several days until the concentration of cells reached approximately 1.0 × 10 6 cells/ml. The Jurkat cell lines used for LFA-1 experiments were J-β 2.7 /LFA-1 wt, J-β 2.7 / LFA-1 Δ, J-β 2.7 /mock and have been previously described [33, 34] . Frozen primary human leukemia cells were purchased from AllCells, LLC. (Emeryville, CA). Viability of these primary cells was >90%.
Isolation of healthy human peripheral blood mononuclear cells (PBMCs)
Peripheral blood was collected from four healthy human volunteers into BD Vacutainer Cell Preparation Tubes (CPT) containing sodium citrate (Becton-Dickinson, Franklin Lakes, NJ). Tubes were processed immediately after collection according to the manufacturer's instructions to isolate the layer of mononuclear cells. Experiments involving blood from human subjects were approved by the UMDNJ Institutional Review Board (IRB). All human subjects gave informed consent to participate.
Purification of LtxA
Leukotoxin (LtxA) was purified from culture supernatants of A. actinomycetemcomitans strain NJ4500 as previously described [24, 25] . The storage buffer for the purified toxin was 20 mM Tris-HCl, pH 6.8, 250 mM NaCl, and 0.2 mM CaCl 2 . The typical yield was 0.5 mg/ 100 ml starting culture. For long-term storage (greater than one month), protein was lyophilized in sterile glass vials and stored at −80 °C. Samples were reconstituted in sterile distilled water prior to use and we found that when stored in this manner, LtxA was stable for at least 6 months. All toxin preparations were filtered through a 0.22 μm filter prior to use. A sample preparation of purified LtxA is shown in Figure 1 .
LtxA cytotoxicity assay
To determine IC 50 values, human cells (~10 6 cells/ml) were mixed with purified LtxA at various concentrations. The mixture was incubated at 37° C, 5% CO 2 for 24 hours. Cellular viability (ATP production) was then determined using the CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI) according to the manufacturer's instructions. Plates were read in a Synergy HT plate reader in the luminescence mode (Bio-Tek, Winooski, VT). Cytotoxicity assays were performed at least three different times.
Flow cytometry analysis
Cells were stained with phycoerythrin (PE) or Fluorescein isothiocyanate (FITC)-labeled monoclonal antibody to CD11a or CD18 as recommended by the manufacturer (Biolegend, San Diego, CA). Samples (at least 10,000 cells/run) were analyzed with a FACSCalibur instrument (BD Biosciences, Franklin Lakes, NJ) and data was analyzed using FlowJo software (Ashland, OR).
SCID mouse studies
SCID mice (36-42 days old) were purchased from Charles River Laboratories (Wilmington, MA) and maintained in the UMDNJ Cancer Center barrier facility. Mice were injected with PBS-washed 4×10 6 bioluminescent HL-60luc cells [35] (in 100 μl) i.p. on day 0 and then treated with LtxA (in 200 μl) i.p. on days 3, 4, and 5 with 40 μg/day. For bioluminescence imaging, mice were anesthetized with isofluorane and then transferred directly to the IVIS 200 in vivo imaging system (Caliper Life Sciences, Hopkinton, MA), and maintained under anesthesia. Mice were injected i.p. with luciferin (150 mg/kg) and photons were collected over a 3-minute period. Following imaging, mice were immediately returned to their cages. When mice became terminally ill, they were euthanized by CO 2 asphyxiation according to UMDNJ Institutional Animal Care guidelines. Images from whole body imaging were analyzed with the LivingImage software.
At 30 days, necropsy was performed. Mice were euthanized with CO 2 and then the tumor was excised, measured and sections were cut and tissues were fixed in 10% formalin. Paraffin embedded samples of the tissues were then stained with hematoxylin and eosin. All experiments involving mice were approved by the UMDNJ Institutional Animal Care and Use Committee (IACUC).
Studies on LtxA in a rhesus monkey
Primate experiments were carried out at The University of Wisconsin National Primate Research Center (WNPRC) and approved by The University of Wisconsin-Madison Animal Care and Use Committee. A 13.6 kg rhesus monkey (Macaca mulatta) was administered LtxA (22 μg/kg) by first anesthetizing the monkey with ketamine (5 mg/kg) and medetomidine (30 μg/kg). The monkey was then fitted with a saphenous vein catheter. LtxA was diluted in 15 mls of 0.9 % NaCl and infused i.v. at 1.0 ml/min and then increased to 3.0 mls/min after ten minutes when the animal showed no adverse reactions. Following infusion, the effects of the medetomidine were reversed with 250 μg/kg atipamezole. Blood draws were carried out by first restraining the monkeys in a table-top restraint device according to WNPRC standard protocol. Blood was obtained from the saphenous vein using a vacutainer system. Another monkey (19 kg) served as a control and received saline infusion without LtxA but otherwise identical treatment. The monkeys were evaluated twice daily for signs of pain, illness, and stress by observing appetite, stool, behavior, and physical conditions.
Statistical analyses
Bioluminescence was analyzed by the 2-sample t-test. The Kaplan-Meier survival plot was analyzed using the log-rank test and numbers were compared with a chi-squared test. A p value of 0.05 or less was considered statistically significant.
Results
Susceptibility of human leukemia cells to LtxA
Previous studies on A. actinomycetemcomitans LtxA and host cell susceptibility utilized cell-associated LtxA isolated from bacterial cells or sonic extracts [12, [36] [37] [38] . In contrast, we purify secreted LtxA from cell-free culture supernatants (Figure 1 ), which represents the most mature and active form of the toxin [23] [24] [25] . Thus, to determine the in vitro specificity and activity of our purified preparation of LtxA, we determined the concentration of LtxA required to kill 50% of the cells (IC 50 values) against several human cell lines and PBMCs after a 24-hour incubation. We also calculated the fraction of dead cells (FDC) remaining after a 24-hour treatment with 2.0 μg/ml of the toxin. Table 1 shows representative IC 50 and FDC values obtained from three independent experiments. We found that LtxA is able to kill numerous hematological malignant cell lines but does not affect non-WBC lines, as previously reported [12, 36] . Furthermore, LtxA did not target MEG-01 or CMK cells, which are megakaryoblasts. Most of the malignant cell lines were highly sensitive to LtxA, with more than 90% cell death after 24 hours of exposure to the toxin (HL-60, THP-1, GDM-1, Jurkat, Molt-4, KU812, RL, U937).
We also tested the activity of LtxA against primary PBMCs from AML patients. Table 2 shows that all of the samples were highly sensitive to LtxA after 24 hours and the response was dose-dependent (data not shown). One patient (sample 4) had relapsed AML and exhibited only a partial response to Idarubicin/Ara-C treatment.
Expression levels of LFA-1
We wished to determine why some cells are more sensitive to LtxA than others. Given that LFA-1 is the receptor for LtxA, we considered the possibility that LFA-1 is over-expressed on cells that are most sensitive to LtxA. To test this hypothesis, we examined the levels of LFA-1 (CD11a and CD18) on the surfaces of both resistant and sensitive cells using flow cytometry ( Figure 2A and Table 1 ). K562 is a CML cell line that is known to lack LFA-1 expression and be resistant to LtxA [20] . As expected, K562 did not show expression of either CD11a or CD18. In contrast, THP-1 cells are some of the most LtxA-sensitive cells that we tested (see Table 1 ) and also expressed very high levels of both CD11a and CD18 (LFA-1 hi ). HL-60 cells are also sensitive to LtxA and the levels of CD11a and CD18 were high, but less than THP-1. Loucy cells showed a broad, variable expression of CD11a but high levels of CD18. This cell line is partially sensitive to LtxA with a relative high IC 50 value and only approximately two-thirds of the cells being killed after 24 hours (Table 1) . Toledo cells have a more broad distribution of LFA-1 expression, and while the IC 50 value is low (5 ng/ml), about 20% of the cells appear to be viable after 24-hour treatment (Table  1) . Daudi cells show low levels of LFA-1 expression and are also resistant to LtxA. CA46 cells do not display expression of either CD11a or CD18 and are also relatively resistant to LtxA-mediated cytotoxicity.
LFA-1 levels on primary cells from leukemia patients demonstrated expression of both CD11a and CD18 ( Figure 2B ). Sample AM154 showed high, yet variable, levels of expression while the other primary samples contained distinct populations of LFA-1 hi cells. The AML159527 sample contained two populations, cells with no LFA-1 and LFA-1 hi and approximately 20% of the cells were not affected by LtxA ( Table 2) .
Effects of LtxA on normal PBMCs
Ideally, a therapeutic agent should preferentially target the diseased cell type while minimally affecting normal cells. To determine the effects of LtxA on normal PBMCs, we tested LtxA on PBMCs from four healthy human subjects and found in every case that the cells were generally resistant to killing by LtxA (Figure 3 ). There was a drop in viability at higher concentrations of LtxA, but it never exceeded 30-40% cell death even at the highest doses. Flow cytometric analysis showed that normal PBMCs express CD11a at relatively high levels ( Figure 4A ). Results for CD18 paralleled those for CD11a (data not shown). We next treated these cells with LtxA to determine the subpopulation of cells that are affected. We found that after treatment with LtxA, only the large LFA-1 hi cells were depleted ( Figure  4B, C) . These results show that LtxA is able to selectively kill the small fraction of large LFA-1 hi WBCs in a mixture of PBMCs.
LtxA preferentially targets cells with activated LFA-1
The large size of the cells targeted by LtxA suggests that these cells are activated and differentiating. Thus, a possibility is that LtxA recognizes the activated form of LFA-1 [39, 40] better than LFA-1 in the resting state. To test this idea, we used a Jurkat T-cell line that expresses a high level of constitutively activated LFA-1 (J-β 2.7 /LFA-1 Δ) [33] . As controls, we also used isogenic cell lines that either express the wild type form of LFA-1 (J-β 2.7 /LFA-1 wt) or lack LFA-1 expression completely (J-β 2.7 /mock) [34] . We found that cells with activated LFA-1 were ten times more sensitive to LtxA-mediated toxicity than cells with resting state LFA-1 and LFA-1-deficient cells were not affected by the toxin (Figure 5) . Thus, LtxA is more toxic towards WBCs expressing the activated form of LFA-1.
Biological activity of LtxA in SCID mice
Given the specificity of LtxA for malignant WBCs, we wished to determine if the toxin has in vivo bioactivity. To demonstrate therapeutic proof-of-concept, we tested the toxin in the SCID mouse xenograft model of human HL-60 myeloid leukemia [41, 42] . SCID mice were inoculated intraperitoneally with 4 × 10 6 HL-60luc cells [35] on day 0 and then either treated i.p. with LtxA (2 mg/kg/dose) on days 1, 2, and 3 or remained untreated and served as our negative control (leukemic mice). Another group of four mice that was given neither HL-60luc cells nor LtxA served as our control to determine normal life expectancy of the mice (data not shown). After approximately 25 days, leukemic mice that were not treated with LtxA began to form large masses in the peritoneal cavity and showed signs of illness such as lethargy and un-groomed fur ( Figure 6A, top) . In contrast, the majority (7/8) of mice that received LtxA treatment did not develop peritoneal tumor masses and appeared healthy ( Figure 6A, bottom) . In vivo bioluminescent imaging (BLI) [43] of HL-60luc cells [35] allowed us to observe and quantify tumor burden over time ( Figure 6B ). BLI revealed a significantly greater signal in untreated leukemic mice versus LtxA-treated animals ( Figure  6C ). Tumor burden correlated with survival of the animals. Kaplan-Meier survival plots show that untreated leukemic mice began to die on day 43 and all mice were dead by day 75 ( Figure 6D ). In contrast, only one mouse died on day 61 in the group that was treated with LtxA and the remaining survivors lived to at least day 300 disease-free. These survivors remained healthy and never showed signs of peritoneal tumors. The mean survival time for the untreated leukemic mice was 56 days versus 153 days for LtxA-treated mice calculated on day 166. All control mice that were not given leukemia cells were still alive at the end of the study (data not shown).
On day 30, one animal from each group was sacrificed for histopathological examination. The peritoneal tumor from the leukemic untreated animal measured approximately 2000 mm 3 in volume ( Figure 7A ) and H&E staining of tumor sections revealed mononuclear HL-60 cells ( Figure 7B ). The mouse that was treated with LtxA showed no gross signs of tumor formation or nodules and was anatomically indistinguishable from the control mouse that was not injected with HL-60luc cells (data not shown). While the i.p. route of administration may have limited predictability for effective clinical doses, these results show that LtxA has potent anti-leukemia activity in vivo.
Biological activity of LtxA in a non-human primate
Because murine cells are otherwise resistant to LtxA-mediated cytotoxicity, we wished to determine the effects of systemic administration of LtxA in the rhesus macaque (Macaca mulatta). Two Rhesus monkeys were used in the study. One monkey received a single intravenous (i.v.) infusion of 300 μg LtxA (22 μg/kg) while the second animal served as a control and was given only saline. Blood was drawn from the animals immediately prior to infusion and at various times post-infusion. Complete blood counts and differentials were performed as well as blood chemistry analysis.
Throughout the 3-week study, red blood cell (RBC), platelet (PLT), and hemoglobin (HGB) values remained unchanged in the LtxA-treated monkey and were similar to the control animal ( Figure 8 ). In contrast, in the treated monkey, the total white blood cell (WBC) count dropped during the first several hours post-infusion and then increased (Figure 8) . Differential hematology revealed an initial drop in both neutrophils and lymphocytes. After dropping during the first hour, the neutrophil count increased to almost four times the starting value by ten hours and then slowly declined before returning to the starting value. Lymphocyte values dropped initially and remained low for 12 hours before increasing.
Blood chemistry values for the LtxA-treated monkey revealed no change in markers of either liver toxicity (AST, bilirubin, alkaline phosphatase) or kidney function (BUN, creatinine) during the course of the experiment and the animal appeared in good health as evaluated twice daily by veterinary staff (data not shown). Taken together, these results indicate that intravenously-administered LtxA is active and specific in a non-human primate at a non-toxic dose.
Discussion
Each year, more than 53,000 people die of hematologic malignancies (leukemia, lymphoma, myeloma) with more than 135,000 new annual diagnoses in the US alone. The median survival of patients with acute myeloid leukemia (AML) is approximately one year with a 5-year survival rate of just 22%. And for older adults (>55 years of age) with AML, over the last 30 years, there have been essentially no improvements in the survival rate. Furthermore, leukemia causes more deaths than any other cancer among children and young adults under the age of 20. Current treatment for these cancers includes the use of compounds that target cellular processes of nearly all cells of the body, not just the cancerous ones, resulting in serious side effects characteristic of traditional chemotherapy. A significant fraction of patients eventually show resistance to many of the drugs, rendering treatment largely ineffective. These facts further emphasize the need to identify, study, and ultimately introduce novel anti-leukemia agents into the clinic [7] . A new class of cancer therapeutics includes targeted agents, such as monoclonal antibody and other biological agents [2, 44] . These agents are more specific than traditional chemotherapy often resulting in fewer adverse reactions in patients.
Herein, we show that a native, secreted bacterial toxin has specificity and significant in vitro and in vivo bioactivity against malignant WBCs. Analysis of malignant cell lines revealed variability in the sensitivity to LtxA and this susceptibility was directly related to cellsurface levels of LFA-1 rather than the nature of the disease (Table 1 and Figure 2 ). Cell lines that did not express both CD11a and CD18 were resistant LtxA-mediated killing. While CD18 has been shown to be the functional receptor for LtxA and confers species specificity [45] , CD11a is also required as demonstrated by the Loucy cell line and shown previously [20] . Loucy cells expressed high levels of CD18 but low levels of CD11a and were only partially killed by LtxA. Primary AML cells also showed significant sensitivity to LtxA and flow cytometry revealed high levels of LFA-1 expression on cells. Cells from sample 1 were variable for LFA-1 expression but were highly susceptible to LtxA. One explanation is that expression of CC11a and CD18 is erratic, but at some point during the 24-hour incubation, all cells express LFA-1 and become sensitive to LtxA. Interestingly, sample 2 exhibited 80% cell death (Table 2 ) which corresponded roughly to the percent of cells that were LFA hi (Figure 2) . Numerous studies have shown increased levels of LFA-1 expression on malignant cells from leukemia and lymphoma patients [30, [46] [47] [48] [49] and our results are in agreement with these reports.
In addition to levels of CD18 and CD11a on the cell surface, the sensitivity of a WBC to LtxA also depends on the activation state of LFA-1. We showed here that a T-cell line that expresses an activated form of LFA-1 was ten times more sensitive to LtxA than an isogenic line that expresses the resting state form of LFA-1. Just as interaction between LFA-1 and the ICAMs requires transition of LFA-1 to an active conformation [39, 40] , LtxA also appears to prefer the activated state of LFA-1. In light of the natural role of the bacterial toxin in host immune evasion, this strategy makes sense since activated cells are those with the most potent anti-bacterial activity. Hence, instead of affecting a large proportion of host WBCs and causing significant morbidity, the bacterium is able to successfully persist in the host by targeting the most relevant subpopulations of WBCs.
We also observed that human PBMCs from healthy individuals were relatively resistant to LtxA-mediated cytotoxicity even though they express LFA-1. Taichman et al. also noted that normal PBMCs were not efficiently killed by LtxA [50] . Thus, while LFA-1 is required for LtxA killing, it is not sufficient. It is possible that the state of LFA-1 on resting, normal PBMCs is unavailable for binding to LtxA and our studies with the J-β 2.7 Jurkat cells expressing activated (ie. exposed) LFA-1 support this notion. Indeed, this mechanism is similar to ONTAK, a diphtheria toxin-IL-2 fusion drug that binds to cells with activated IL-2 receptor such as activated T-cells, B-cells, and macrophages [51] . In addition, it is also possible that other differences exist to render malignant cells more sensitive to LtxA, perhaps in a pathway downstream from the initial toxin-cell interaction. Indeed, rapidlydividing cells may be most sensitive to LtxA due to the loss of checkpoint control and repair mechanisms during apoptosis. A third possibility is that, while cells express both CD11a and CD18, these molecules are not assembled as dimers to form the LFA-1 molecule that is recognized by LtxA.
Of the normal PBMCs that were affected by LtxA, the large LFA-1 hi WBCs were selectively depleted. These targeted cells may represent the small fraction of activated cells present in a healthy person at any one time. Given the results we obtained with normal PBMCs and those from leukemia patients, the potential implication is that normal WBCs in a patient might be less susceptible to LtxA treatment than their malignant counterparts.
In the SCID mouse xenograft model for human leukemia, LtxA was highly effective at treating leukemia and prolonging survival. The concentration we used (2 mg/kg/dose) is similar to doses used in analogous studies with other biological agents, such as monoclonal antibody therapy [52] [53] [54] [55] and bacterial immunotoxins [56] . Of significance, in 7/8 LtxAtreated animals, we were able to achieve complete elimination of tumor growth, which correlated with event-free long-term-survival.
Throughout the SCID mouse experiment, we failed to observe any adverse reactions to LtxA administration. While mouse cells are otherwise resistant to killing by LtxA, the fact that generalized, non-specific toxicity, such as liver or kidney dysfunction, did not occur with relatively high, effective doses of LtxA is noteworthy. To assess effectiveness and potential toxicity of LtxA in a non-human primate, the toxin was infused i.v. into a rhesus monkey. The in vivo effect appeared to parallel the in vitro specificity of the toxin. Only WBCs were affected, but over time, WBC counts increased to pre-infusion values. These results are in stark contrast to treatment with traditional chemotherapy where near complete killing of RBCs, WBCs, and platelets is observed for prolonged periods of time resulting in anemia and thrombocytopenia. The spike in neutrophil count after an initial decrease is a phenomenon that has been observed for other protein toxins [8, 57] and may be the result of an early agonistic effect on the distribution of mature neutrophils in the body. Platelets do not express LFA-1 [58, 59] , and we found that the platelet counts were unaffected in the LtxA-treated monkey. Hence, our results demonstrate the correlation between LtxA in vitro and in vivo specificity.
During ex vivo studies, we observed that normal human PBMCs were minimally affected while in the monkey, normal cells also appeared to be affected. However, it is important to note that the WBC counts never dropped by more than 50-60%, in contrast to complete killing of malignant cells. Nonetheless, two possible explanations could account for the depletion of WBCs in the monkey. First, it is possible that the number of activated and/or LFA-1 hi cells in the animal is much higher than in humans. Second, the toxin may be more active in blood than under non-physiological in vitro assay conditions. Indeed, other toxins can become activated by mammalian components [60] and the natural environment for LtxA is the oral cavity and saliva. The fact that we were able to administer a lower dose to the monkey with an observable effect compared to the mice supports this latter hypothesis. The dose of LtxA administered (22 μg/kg) into the monkey achieved a desired effect, and we failed to note any drug-related toxicities. This suggests that a maximum tolerated dose was not reached, and future studies should identify these parameters.
In conclusion, we have shown proof-of-concept that LtxA has targeted activity in vitro and in vivo with no gross side effects at effective doses in mice and a non-human primate. We have also identified a possible mechanism by which LtxA distinguishes between normal and malignant WBCs. To our knowledge, LtxA represents the first non-recombinant bacterial toxin shown to possess targeted in vivo anti-cancer activity. Given that LFA-1 also plays a critical role in the etiology of many autoimmune diseases, it would be of significant interest to determine whether LtxA has therapeutic benefit for other diseases as well. 
